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1. Introduction

Mining dams have the function of
adequately containing and storing waste
from the ore beneficiation process (ANM,
2022). Compared to agriculture, for
example, an activity that occupies large
areas and makes constant use of pesticides
and fertilizers, mining, in general, has less
potential for environmental damage if
correctly performed (Luz & Linz, 2018).
As for the technical assessments in the
context of dams, it is possible to observe
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Abstract

Linked to important pillars of the Brazilian economy, studies related to mining and
the use of UAVs (unmanned aerial vehicles) have been gaining ground in recent years,
especially related to the geotechnics of dams and precision agriculture. However, the
interdisciplinarity needed to carry out more robust analyses are still lacking in some ar-
eas, which brings up good opportunities to be explored. In this sense, the present study
combined products obtained through different activities and methodologies, aiming
at a solution that provides predictability to the mining dam management process,
specifically linked to modeling and obtaining data on solid content in the tailings, arising
from the processing of bauxite, based on geoprocessing. The activities necessary to
achieve the sought objectives covered, briefly: 2021 tailings sampling campaign carried
out in the Plateau Disposal System (RP1), laboratory analyses (humidity), aerial survey
with Unmanned Aerial Vehicle (UAV), geoprocessing for the extraction of luminosity
values of images and statistical analysis of dispersion. As a result, it was observed that
the increase in the number of drying cracks (highlighted in the images by dark pixels)
is directly related to the drying of the waste (increase in the percentage of solids), whose
quadratic model presents an excellent relationship between the values of the pixels in
the images and percentage of solids from laboratory data, implying a determination
coefficient of 91.74%. Furthermore, gains in security, predictability and economy for
the processes stand out, when compared to the traditional methods applied, in
addition to an excellent potential to be developed in future studies.

Keywords: dams, UAV, drying cracks, predictability.

a growing tendency towards moderniza-
tion of the methods and equipment used
in the geotechnical monitoring of these
structures, obtaining physical-chemical
data of the materials and assessments of
areas, including diagnosis, mitigation of
environmental impacts, optimization pro-
cesses and maximizing the use of natural
resources linked to mining dams. In this
way, studies on technology and innovation
inherent to mining dams gain investment

and prominence. It is possible to highlight
the need for monitoring to verify the ef-
fectiveness of this disposal, in order to
plan, execute and readjusted future plans
for the disposal of tailings, aiming at a
uniform and optimized distribution of
these materials in the reservoir. For this,
itis fundamental to understand the drying
of the waste in the reservoirs, whose data
are conventionally obtained through field
collection and laboratory analysis. This

REM, Int. Eng, J., Ouro Preto, 76(4), 345-352, oct. dec. | 2023 345



346

drying is strongly influenced by climatic,
geological-structural and pedological
characteristics, directly influencing the
rates of rainfall, evaporation and the per-
meability of the dam foundation.

Within the scope of understanding
the distribution of tailings, volumetric
volumes and the like, the use of UAVs is
gaining more and more space. Used to cap-
ture images of the land surface, followed
by adequate processing, they can provide
very useful products that are still little
explored in the geotechnical environment
even though they present good results for
the development of advanced techniques
and tools, facilitating analyzes in the areas
of interest, mainly related to dams (Peters
et al., 2020). However, in mining, said
equipment and products are normally
used for the acquisition of conventional
aerial images, preparation of topographic
maps, measurement of areas and the like,
with their use and development often
restricted to the areas of topography,

[ Tailing dam:
[] water dams |
oA AR B

2. Materials and methods

Hydro-MPSA's monthly topograph-
ic database for the year 2021 was used, in-
cluding 12 orthophotos (generated month
by month, from January to December)
obtained from processing aerial images
captured by UAVs. Results of laboratory
analyzes (percentage of solids) in the pe-
riods of the respective dates of acquisition
of aerial images were incorporated into
the database for correlation purposes.
The following steps were performed: col-
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projects and mine planning (including
geological modeling, sequencing of mines,
etc.), and is still little explored by some
areas of said activity.

In this sense, the present article pro-
poses the use of orthophotos to develop
more advanced and agile applications,
through geoprocessing, aiming at obtain-
ing information that is normally obtained
only with methods of sample collection
and conventional analysis, as occurs in
physical analyses (routinely carried out in
the laboratory) to know the solids of the
tailings in mining dams.

Occupying an area of around
50,000 km?, is the Bauxite Province of
Paragominas and its regional context
encompasses sediments of eolian and la-
goon nature, as well as estuarine-lagunar
and fluvio-estuarine, characteristic of
coastal environments. Geomorphologi-
cally, the region is marked by dissected
tabular relief, whose approximate alti-
tudes vary between 400 and less than

lection of sampling and laboratory data,
aerial images, processing, estimates of the
percentage of solids and validation of the
results obtained. The specific stages of the
study will be described below.

To point out that in the MPSA the
waste is disposed with a solid content
varying between 33% and 35%, then
passing through exposure for drying at
periods of 30 to 60 days, during the dry
season and rainy season, respectively,
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100 m, being limited between the Serra
de Gurupi and the region of the city of
Ipixuna (Kotschoubey et al., 2005). In
this geological-geomorphological context,
MPSA owns a bauxite mining and pro-
cessing complex, it also has two Tailings
Disposal Systems (TDS): Valley (TDS) and
Plateau (SDR2), whose operations began
in March 2007, with the provision in the
Valley System. In 2017, the Plateau System
(RP1), the focus of this study, came into
operation, and currently, the arrangement
occurs in both systems (Figure 1).

Heterogeneous rock composed
mainly of one or more aluminum hy-
droxides and various mixtures contain-
ing silica, iron oxide, titanium, kaolinite
and other impurities in smaller quanti-
ties, bauxite was discovered in the year
1821, by the scientist Pierre Berthier
(1782-1861), in Les Baux, situated in the
southern region of France. Itis a rock with
more than 40% alumina (Bardossy, 1997;
Sampaio et al., 2005).

UNIVERSAL TRANSVERSA DE
MERCATOR
ut™
Datum SIRGAS 2000 - Zone 23S
Scale 1:50.000

Figure T - MPSA-Hydro Tailings Disposal Systems Location Map.

until it reaches a solid content equal to
or greater than 60%, when a new layer is
launched, repeating the process cyclically.
The tailings from the bauxite beneficiation
process are predominantly fines, with a
higher fraction passing through at 400
mesh, in which the tailings are disposed of
by spigotting, and within the management
and planning routine, tests are carried out
in accordance with NBR 6457 (ABNT,
1986) and NBR 7217 (ABNT, 1984),



for determining moisture, solid content,
granulometry and density, for monitoring
the evolution of the drying process of the
tailings in the dams.

As a way of understanding and
managing the solid content of the tailings
disposed of in RP1, weekly campaigns
are carried out to collect samples of tail-
ings with a specific sampler. The RP1
quadrants have 03 platforms in each of the
04 quadrants and the samples are stored in
plastic bags, duly labeled and transported
to the laboratory, where they are weighed
on high precision scales, dried in an oven
and weighed again, obtaining data of dry
and wet mass, consequently the respective
percentages of solids and moisture con-
tents. Annually, an average of 500 samples
are collected, and this routine is carried
out twice a week, in the quadrants where
waste is being disposed. Field collections
and humidity tests are carried out accord-
ing to Hydro's internal procedure, based
on NBR 6457 (ABNT, 1986).

The image acquisition was done us-

3. Results

With the monitoring and analysis of
the laboratory results of the percentage of
solids, it was possible to generate a box plot
graph and observe the drying process of the
waste, its phases and main sub-processes:
exudation, evaporation, infiltration, sta-
bilization and formation of drying cracks
according to the trend curve (Figure 2).
When comparing the average data between

ing the DJI Phantom 4 RTK model drone
and then the processing is performed using
the software Agisoft Photoscan, where the
workflow makes it possible to obtain point
clouds, digital elevation models and the or-
thophotos to be used to obtain the products.

With the 12 orthophotos from
January to December 2021, in a GIS
environment, an area with dimensions of
50 m wide by 50 m long was delimited,
positioned next to the sampling platforms
of the RP1-A quadrant, restricting the
areas of existing interest, closer to the
collection points of waste samples. As
mentioned, the RP1-A has 3 sampling
platforms, thus, a total of 36 orthophoto
clippings were extracted (1 monthly clip-
ping per platform). Subsequently, to access
the quantitative attributes of these images,
the values referring to the brightness of the
pixels of the images of the referred cutouts
were extracted, for points. It is worth
mentioning that each of the 3 monthly
images generated for analysis contained
around 140,000 points, whose attribute

the 3 drying phases, it is noted that the 1st
and 3rd phases refer to the portions of the
curve in which the differences between the
sample averages were significant, attesting
that there are greater moisture losses, that
is, greater variability in the drying period.
In the 2nd phase, the differences between
the averages were not significant (p > 0.05);
at this moment there was no significant
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tables generated were exported for subse-
quent analyses.

With the data from the mentioned
extraction of pixel luminosity values,
their averages were calculated and the
percentages of solids in each region were
organized, as well as the monthly rainfall,
seeking the first understandings about the
relative behaviors between the variables.
Then, the software used was Minitab
(version 20.4) and regression analyses
were performed between pixel values
(luminosity) and solid content, generating
graphs and the like. Thus, it was possible
to statistically verify the relationship be-
tween the results of solid contents and the
luminosity of the pixels in the orthophotos
of the tailings.

Finally, aiming at validation, data
from March 2022 were used in the model
and the results obtained by conventional
means (collection and laboratory analy-
sis) were checked, comparatively, even
if fed by data from 2021, based on the
proposed methodology.

gain in solid content and loss of moisture.

It should be confirmed that after the
stabilization of the 2nd phase a significant
gain in solid content occurs due to the
three-dimensional development of the
referred to drying cracks, again increasing
the permeability of the materials and the
exposure area, also combined with the high
evaporation rates.
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Figure 2 - Percentage of solids in the tailings (y axis) versus days (x axis), highlighting the 3 drying phases after disposal of the tailings.
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In addition, as an example of a qualita-
tive result, it is possible to highlight the visual
comparison obtained in relation to the raw
data of the first semester of 2021 in the RP1-A

A

X
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quadrant, highlighting the change marked
by the increase in the concentration of dry
cracks, associated with the increase in the
percentage of solids on the tailings surface,

between January (smoother and clearer due
to the tailings surface) and June (more rough
and darker due to the increased concentra-
tion of contraction cracks) of 2021 (Figure 3).

Figure 3 - Variation of solids content in the tailings (quadrant RP1-A) between January 22nd and June 22nd, 2021, on platform 3.

Furthermore, as quantitative re-
sults, it was possible to obtain the
average luminosity values (through the
extraction of these values contained in
the pixels of the images) for points whose
exportation of the respective tables of
attributes and analyses, made possible the
first understandings of the relationships
between the contents of solids and pixel

Where: “y” is the percentage of waste solids; and

230.0

220.0

210.0

200.0

190.0

180.0

170.0

160.0

150.0

brightness values ( Figure 4).

As expected, it was also possible to
verify that the pixels present in the cracks
generate lower luminosity values, reaching
maximum values of 170, here defined by
luminosity units, giving the image darker
aspects. On the other hand, the response
of the pixels presents on the surface of the
waste, generate higher values, surpassing

y=4.091-0.03269 x + 0.000075 x?

«w,_»
X

is the brightness value of the pixels.

]mﬂmmhmnmm.

180 luminosity units, attributing lighter
tones to the images (Figure 5).

Based on the statistical analysis,
it was possible to obtain the quadratic
model, correlating the image variables
(pixel luminosity) and the laboratory
results (percentage of solids), expressed by
the formula used to obtain predictability,
as follows:
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o
X
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Figure 4 - Luminosity data extracted from the orthophoto and Graph containing pixel
luminosity data and percentage of solids measured (laboratory) on the 3 platforms (P1, P2 and P3).
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Figure 5 - Pixel luminosity values attest to the significant difference in response between the referred features.

These analyses also allowed us to
verify that the value of p (<0.001) indi-
cates that the relationship between the
two variables is statistically significant
(when p<0.05). Furthermore, the val-
ue of the coefficient of determination

(R2=91.74%) implies a strong correlation
between the variables (solid content and
pixel luminosity), and the equation for
the quadratic model made it possible to
obtain a table relating them (Figure 6 and
Figure 7).

From the analyses, it was possible to
compare the results obtained by conven-
tional means (sampling and laboratory
analysis) with the predictability results
(pixel luminosity and use of the quadratic
model equation) (Figure 8).

Regression for % Average solids vs Average Pixels
Summary Report

Y: % Average solids

X: Average Pixels
Fitted Line Plot for Quadratic Model
Y = 4.091 - 0.03269 X + 0.000075 X*2

Is there a relationship between Y and X?

0 005 01 >05 w» 70.00%"
z
e " 3
1 @
j=2}
c

@ 4

The relationship between % Average solids and Average Pixels is z R
statistically significant (p < 0,05). £

50.00% [ ]
160 180 200 220

Average Pixels

Comments

The fitted equation for the quadratic model that describes the

% of variation explained by the model relationship between Y and X is:

0% 100% Y = 4,091 - 0.03269 X + 0.000075 X*2
If the model fits the data well, this equation can be used to
i ) predict % Average solids for a value of Average Pixels, or find
Low] m‘gh the settings for Average Pixels that correspond to a desired
value or range of values for % Average solids.

91.74% of the variation in % Average solids can be explained by the

regression model. A statistically significant relationship does not imply that X

causes Y.

Figure 6 - Summary report generated from regression analyzes with the software Minitab.
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Regression for % Average solids vs Average Pixels
Prediction Report

Y: % Average solids

X: Average Pixels Prediction Plot

The red fitted line shows the predicted ¥ for any X value. The blue X  Predicted Y 959 P|
dashed lines show the 95% prediction interval.
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Figure 7 - Prediction report generated from regression analyzes with the software Minitab.
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Figure 8 - Comparison between the conventional solids contents and those obtained through the predictability formula.

The average results for the year As a way of validating the model,  orthophoto generated on March 25,
2021 indicated a maximum difference  luminosity values were also extracted 2022, using the referred to methodol-
of 4.6% between laboratory data and  from the pixels in the region of the 3  ogy (Figure 9).
the predictability model. platforms (P1, P2 and P3), using the
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Laboratory Difference

% Solids P1
% Solids P2
% Solids P3
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65.6%
61.2%

57.9% 1.7%
59.9% -5.7%
59.2% -2.0%

% Average Solids 60.5%

59.0% -1.5%

Figure 9 - Luminosity data extracted from the orthophoto of 03/25/2022, hlghllghtlng the RP1-A.

The comparative results between the two methods (laboratory versus model) can be seen in Table 1.

Table 1 - Comparison between the results calculated from the
predictability model equation and the samples and laboratory analyzes of 03/25/2022.

Indicator Model Laboratory Difference
% Solids P1 56.2 57.9 17
% Solids P2 65.6 59.9 -5.7
% Solids P3 61.2 59.2 -2.0
Average % Solids 60.5 59.0 -1.5

It is possible to note that, even
considering that the model inputs
were from the year 2021, the equa-

4. Discussion

In a brief comparison with other
studies, through operations with images,
Santos et al. (2016) related the perceptible
characteristics in the soil to moisture
content, obtaining good evidence that the
methodology is promising for predictabil-
ity purposes. Liu et al. (2022) also used
digital image processing to predict soil
moisture content, pointing out that the
luminosity parameters extracted from the
images, associated with statistical methods
of linear regression, generate good results.
Evaluating aerial images, it is also possible
to observe the most frequent features,
shades, etc. And the quantification of these

tion of the generated model showed
a maximum variation of 5.7% on
platform 2 and in the final average,

features in the images is feasible through
the extraction of the referred to luminosity
values, as proposed by Wang & Shi (2006).

As for the present work, at the end
of the tailings release, it is possible to infer
two trivial initial phases, starting with
sedimentation and partial separation be-
tween the solid and liquid phases, where
there is the greatest advance in the drying
process, especially of the supernatant wa-
ter. This higher initial loss can be justified
by the high permeability of the geological-
structural units of the Plateau System foun-
dation, combined with the high regional
evaporation rates, occurring mainly in the

only 1.5%, when tested with pixel
luminosity data from 2022.

first layers more effectively, due to direct
contact with the foundation. Then, there
is a stabilization phase, marked by the
consolidation and beginning of the devel-
opment of the three-dimensional mosaic
formed by cracks of dryness observed by
Pedrosa (2012) (Figure 10).

However, despite not being so obvi-
ous, observing and analyzing the disper-
sion and trend of the data it was also
possible to highlight a second significant
gain in drying punctuated as a 3rd phase,
marked by the three-dimensional evolution
of the cracks, consequently greater expo-
sure of the materials in specific area terms.

Figure 10 - Generation of the dry cracks mosaic. Source: Pedrosa (2012).
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In this way, it is possible to point
out that the development of drying cracks
also favors penetrability in the underlying
waste and connection, albeit incipient,
with the substrate, the foundation, which
is significantly permeable. The increase
in the exposure area (specific area) also
allows for greater effectiveness of the

5. Conclusions

Given the above, it was possible
to observe that the laboratory results
provide essential data for understanding
the behavior during the drying of the
tailings in RP1. The evolution curves of
this drying make clear the different stages
of this process, from its disposition to
drying and intensification of the quantity
of drying cracks.

By correlating empirical observations
and laboratory data, it was possible to
visualize the increase in the percentage
of solids in the waste, obtained over the
drying time, attributing the increase in
the number of cracks to the reduction in
the average of the luminosity values in
the orthophotos, whose relationship was
statistically proven.
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evaporation process. Furthermore, the
relationship between the increase in
the concentration of cracks implies the
“darkening” of the orthophotos; that
is, with the advancement of the dry-
ing of the tailings, there is an increase
in the number of dark pixels, whose
luminosity values are obviously lower

Therefore, the interdisciplinary meth-
odology, encompassing geoprocessing,
geotechnics and statistics, is applicable
and deserves attention for future work. It
is also recommended to apply the method
with the use of special sensors, such as
thermals, LIDAR (Laser Detection and
Ranging), among others applicable to the
topics discussed throughout the article.

Finally, with the equation obtained,
expressed in the results, as well as the
robust database of laboratory results
and aerial survey routine, it is possible to
reassess the need for the current weekly
sampling volume practiced in the com-
pany. In this way, the application of the
proposed method proves to be viable
for monitoring the drying process of

than those disposed on the surface of
the tailings.

These understandings obtained
through systemic and interdisciplinary
analysis (geotechnics, geoprocessing,
and statistics) are the core of this study
and are fundamental for understanding
the results.

the waste (from 35% to 60% of solids),
being recommended to prove the target
percentage (60%) and the release of the
layers maintained by the conventional
(laboratory) method.

Considering the aforementioned
statistical evidence, the use of the
interdisciplinary methodology proved to
be promising, where it was possible to
attest to the feasibility of obtaining the
predictability of the percentage of solids in
the waste from the bauxite beneficiation
process, whose reduction in the sampling
routine can generate labor savings of work
and materials, intended for sampling
and use in the company's laboratory, just
better exploring the data and resources
already existing in the company.

AGENCIA NACIONAL DE MINERACAO - ANM (Brasil). Resolucio ANM n. 95, de 7 de fevereiro de 2022. Consolida
o0s atos normativos que dispdem sobre seguranca de barragens de mineracio. Diario Oficial da Unido, Edi¢do 33, 49.
Disponivel em : https:/www.in.gov.br/en/web/dou/-/resolucao-n-95-de-7-de-fevereiro-de-2022-380760962. Acesso em:

22 de Setembro de 2022.

BARDOSSY, GYORGY. Berthier, les Baux et l'histoire de la bauxite. Comptes Rendus de I'Académie des
Sciences - Series Il A - Earth and Planetary Science, v. 324, n. 12, p. 1031-1040, 1997.

KOTSCHOUBEY, B.; CALAF, J. M. C.; LOBATO, A. C. C;; LEITE, A. S.; AZEVEDO, C. H. D. Caracterizagio e
génese dos depdsitos de bauxita da provincia bauxitifera de Paragominas, Nordeste da bacia do Grajaq,
Nordeste do Pard/ Oeste do Maranhdo. Caracterizacdo de depdsitos minerais em distritos mineiros da
Amazonia, p. 687-782. 2005.

LIU, G.; TIAN, S.; MO, Y.; CHEN, R.; ZHAO, Q. On the acquisition of high-quality digital images and extraction
of effective color information for soil water content testing. Sensors, v. 22, n. 9, 3130, 2022.

MORRIS K., Thomas (1908-1992). ModernLogic, v. 3, n°. 2, p. 156-158, 1993.

ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS - ABNT. NBR 7181: solo - analise granulométrica.

Rio de Janeiro, 1984.

ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS - ABNT. NBR 6457: amostras de solo - preparagio
para ensaios de compactagao e ensaios de caracterizagdo. Rio de Janeiro, 1986.

PEDROSA, G. ]J. Modelacao fisica da disposicdo de rejeitos de bauxita por meio de diques-testes. 2012. 126 f.
Dissertacdo (Mestrado em Geotecnia) - Universidade Federal de Ouro Preto, Ouro Preto, 2012.

SAMPAIO, J. A.; ANDRADE, M. C.; DUTRA, A. J. B. Bauxita. Rochas e minerais industriais: usos e
especificacdes. CETEM. p. 279-304, 2005.

SANTOS, J. E;; SILVA, H. R.; PINTO, F. A.; ASSIS, I. R. D. Uso de imagens digitais para estimar a umidade do solo.
Revista Brasileira de Engenbaria Agricola e Ambiental, v. 20, p. 1051-1056, 2016.

WANG, H. M.; SHI, P. Methods to extract images texture features. Journal of Communication University of China
Science and Technology, p. 49-52,2006.

Received: 4 March 2022 - Accepted: 29 May 2023.

T@ All content of the journal, except where identified, is licensed under a Creative Commons attribution-type BY.
REM, Int. Eng. J., Ouro Preto, 76(4), 345-352, oct. dec. | 2023



